The purpose of this study was to test the hypothesis that infections are linked to chromosomal anomalies that cause neurodevelopmental disorders. In children with disorders in the development of their nervous systems, chromosome anomalies known to cause these disorders were compared to microbial DNA, including known teratogens. Genes essential for neurons, lymphatic drainage, immunity, circulation, angiogenesis, cell barriers, structure, epigenetic and chromatin modifications were all found close together in polyfunctional clusters that were deleted or rearranged in neurodevelopmental disorders. In some patients, epigenetic driver mutations also changed access to large chromosome segments. These changes account for immune, circulatory, and structural deficits that accompany neurologic deficits. Specific and repetitive human DNA encompassing large deletions matched infections and passed rigorous artifact tests. Deletions of up to millions of bases accompanied infection-matching sequences and caused massive changes in the homologies to foreign DNAs. In data from three independent studies of private, familial and recurrent chromosomal rearrangements, massive changes in homologous microbiomes were found and may drive rearrangements and encourage pathogens. At least one chromosomal anomaly was found to consist of human DNA fragments with a gap that corresponded to a piece of integrated foreign DNA. Microbial DNAs that match repetitive or specific human DNA segments are thus proposed to interfere with the epigenome and highly active recombination during meiosis, driven by massive changes in the homologous microbiome. Abnormal recombination in gametes produces zygotes containing rare chromosome anomalies which cause neurologic disorders and non-neurologic signs. Neurodevelopmental disorders may be examples of assault on the human genome by foreign DNA at a critical stage. Some infections may be more likely tolerated because they resemble human DNA segments. Further tests of this model await new technology.
Introduction
An approach to preventing neurodevelopmental disorders is to gain better understanding of how neurodevelopment is coordinated and then to identify interference from environmental, genomic and epigenomic factors. The development of the nervous system requires tight regulation and coordination of multiple functions essential to protect and nourish neurons. As the nervous system develops, tion of the neurologic system. Based on DNA sequence analyses, some chromosome rearrangements have been identified as causing individual congenital disorders because they disrupt genes essential for normal development [1] [2] [3] . There is poor understanding and no effective treatment for many of these overwhelming abnormalities. Signs and symptoms include autism, microcephaly, macrocephaly, behavioral problems, intellectual disability, tantrums, seizures, respiratory problems, spasticity, heart problems, hearing loss, and hallucinations 1 . Because the abnormalities do not correlate well with the outcome, genetic counseling is difficult and uncertain 3 .
In congenital neurologic disease, inheritance is usually autosomal dominant and the same chromosomal abnormalities occur in every cell. The genetic events that lead to most neurodevelopmental dis-orders are not understood 4 DNA homology between microbes and humans is a known fact and DNA swapping between vertebrates and invertebrates has been reported.
An early draft of the human genome found human genomes have undergone lateral gene transfer to incorporate microorganism genes 5 . Lateral transfer from bacteria may have generated many candidate human genes 6 . Genome-wide analyses in animals found up to hundreds of active genes generated by horizontal gene transfer. Fruit flies and nematodes have continually acquired foreign genes as they evolved. Although these transfers are thought to be rarer in primates and humans, at least 33 previously unreported examples of horizontally acquired genes were found 6 . These findings argue that horizontal gene transfer continues to occur to a larger extent than previously thought. Transferred genes that survive have been largely concerned with metabolism and make important contributions to increasing biochemical diversity 7 .
The present work implicates foreign DNA largely from infections as a cause of the chromosome anomalies that cause birth defects. Infections replicate within the human CNS by taking advantage of immune deficiencies such as those traced back to deficient microRNA production 8 
Materials and Methods
Data Sources. DNA sequences from acquired congenital disorders were from published whole genome sequences at chromosome breakpoints and rearrangement sites [1] [2] [3] . Comparison to multiple databases of microbial sequences determined whether there was significant human homology. Emphasis was on cases with strong evidence that a particular human chromosome rearrangement was pathologic for the congenital disorder. Patients in the 3 major studies [1] [2] [3] used in this analysis were 98 females and 144 males.
Of the ages most, most (46) patients were under age 10, 7 were age 10-20, 6 were age 20-40 and 1 patient was older than 40.
Testing for homology to microbial sequences. Hundreds of different private rearrangements in patients with different acquired congenital disorders were tested for homology 11 Fishers test was also used.
Results
Interdependent functions are clustered together on the same chromosome segment.
The nervous system has a close relationship to structures essential for immunity, circulation, cell barriers and protective enclosures. In chromosome segments deleted in neurologic disorders, genes essential for all these functions must develop in concert. Genes for these related functions are located close to each other on the same linear segment of a chromosome ( Fig. 1 ). Deletions at 4q34 in patient DGAP161 are shown in Fig. 1 . The genes within the 4q34 deletion in each of four categories tested are HMGB2 V(D)J recombination DNA RNA sensor in Innate immune response to nucleic acids. Chemokine. Anti-microbial
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Tonic and agonist induced currents in forebrain, auditory nerve activity, brain development, vision ADAM29 Cell adhesion and membrane structure Fig. 1 . Chromosome 4q34 as a typical example of close relationships between nervous system genes and genes for other essential developmental functions. Pleiotropic genes for multiple interdependent systems appear in clusters on the same chromosomes. Nervous system genes are near genes essential for the immune system, connections to lymphatic circulation, ability to form tight junctions, structural enclosures and chromatin control. Clusters of genes encoding these and other interdependent functions on chromosome segments are deleted in private neurodevelopmental disorders. These losses increase susceptibility to infections that have DNA homologous to long stretches of human DNA. In the example shown, genes are listed in the order they occur on 4q34. Developmental functions are to the right of the gene symbol. Blue genes are associated with the nervous system, pink with the immune system. Yellow genes have functions associated with angiogenesis, or lymphangiogenesis or cell barriers. Genes for development of essential bone structure or connective tissues needed to protect and house the nervous system are light grey. Isoforms of the same gene may encode different functions in different cellular locations. Consistent results were obtained from deletions involving 6 other chromosome bands (see text). 
Many deleted gene clusters include long stretches of DNA strongly related to infections.
To investigate the chromosomal segment deletions that likely cause neurodevelopmental disorders, homologies to infection were tested in sequences with- giving a total of many thousands of potentially homologous microorganisms throughout the 4q34 deletion. 
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Enormous effects on microbial homologies accompany changes in junction sequences between chromosome bands caused by deletions
Deleted segments in familial chromosome anomalies point toward a general mechanism for infection as a cause of neurodevelopmental disorders.
Genome sequencing of the entire family may be necessary 3 The graph at the right shows the quantitive differences created by the rearrangement. Microorganisms are arranged alphabetically. Bars above the line are microbes more strongly represented in the affected child's sequence and those below the line are stronger in the unaffected mother's sequence. This result was repeated many times with a variety of different assumptions both for the regions and for the homology criteria. 
Microbial DNA homologies in areas around a mutated epigenetic driver gene.
In some patients with neurodevelopmental disorders, a chromosomal anomaly disrupts a critical driver gene and there is strong evidence that the disrupted driver contributes to the disease 1 . The genes identified as underlying phenotypic drivers of congenital neurologic diseases include chromatin modifiers 1 .
In agreement with this designation, Table 1 shows that most pathogenic driver genes are more specifically epigenetic factors (at least 45 of the 66 patients listed in Table 1 ). Using a value of 815 as a rough estimate of the total number of epigenetic factors in the human genome 15 containing 20,000 genes, the probability that association between neurodevelopmental patients and epigenetic modifications occurs by chance is P<0.0001. 
Pathogenic driver gene mutations caused by large chromosome deletions amplify their effects because of epigenetics
Clear evidence of a non-human insertion
In 48 patients 1 , multiple infection matching sequences were included in chromosomal anomalies generated by balanced chromosomal translocations (Data not shown). Sequences around individual breakpoints were tested for microbial insertions by first comparing the sequences to human and then to microbial DNA. For example, chromosome breakpoint 2 in patient DGAP154 matched human DNA X-chromosome in two segments with a gap in the sequence (Fig.   7 ). The gap did not match human sequences but did correspond to nematodes and yeast-like fungi, suggesting one or more of these microorganisms had inserted foreign DNA into patient DGAP154 (Fig. 7) . More frequently however, other breakpoints in DGAP154 chromosomes matched many microbial sequences. A simple example of one of these alignments around 2) is homologous to microorganisms as shown for der (8) . The graph represents the difference in total homology scores for an affected child Case 12 subtracted from those of the normal healthy mother with balanced translocation t (8;22) . A very different set of micro-organisms is present in affected Case 12. Bars above the axis are mainly absent in the asymptomatic mother. Bars below the axis are present in the mother but limited or absent in her child. The homologous microbiome is in alphabetical order. The pie chart shows the percentages of 46 driver genes that have the epigenetic functions indicated. Loss of these driver gene functions then impacts a group of functions that must be synchronized during the complex process of neurodevelopment. These are the same general functions lost in deleted gene clusters. 
Multiple infections identified by homology match signs and symptoms of neurodevelopmental disorders.
These kinds of alignments suggest candidates that can contribute to the signs and symptoms in each individual ( Table 2) Table 2) is Simian CMV with up to 95% sequence identity to isolates from human patients.
Stealth virus 1 (
First trimester CMV infection can cause severe cerebral abnormalities followed by neurologic symptoms 49 . CMV is also a common cause of congenital deafness and visual abnormalities. 
Tests for artifacts in matches to human-microbial DNA
Tests for DNA sequence artifacts.
To further test the possibility that some versions of these microbial sequences were sequencing artifacts or contaminated by human genomes, microbial genomes were tested for homology to human genomes.
Homologies to human sequences were found across multiple strains of the same microorganism (Table 3) . 
A model for infection interference in neurodevelopment.
Autosomal dominant inheritance of neurodevelopmental disorders containing microbial DNA suggest interference with gamete generation in one parent. The mechanism proposed in Fig. 8 is based on significant changes in microbial homologies on multiple human chromosomes.
Large amounts of foreign DNA present during human meiosis with its many double strand breaks during the most active period of recombination produce defective gametes. Errors in spermatogenesis underlie a prevalent and recurrent gene rearrangement that causes intellectual disability, and dysmorphism (Emanuel syndrome) 2 . In contrast, recombination in ova occurs in fetal life and then meiosis is arrested until puberty 51 .
The resemblance of foreign microbial DNA to host background DNA may be a major factor in 
Numbers of patients with chromosomal abnormalities with significant homologies to this infection
HIV-1, HIV-2 Impaired fetal growth, premature delivery, chorioamnionitis, deciduitis, immunodeficiency. HIV-1 causes white matter lesions associated with language impairments. HIV-1 infects CNS by targeting microglial cells.
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Part of a group of infections that coexist with other viral infections, bacterial infections, and chemicals in autism syndrome disorders 44 Table 1 and in deleted chromosome segments (Fig. 1) account for deficits in cardiac function, cell barriers, bone structure, skull size, muscle tone and many other Fig. 8 . Soon after conception, erasure of epigenetic marks generates pluripotent stem cells and then the epigenome is reprogrammed. Foreign DNA can interfere with both processes leading to neurodevelopmental disorders. The model above shows interference with meiosis by DNA from infections. After duplication of parental chromosomes prior to generation of gametes, DNA from infections associates with strands of DNA in the many places including repetitive sequences of human DNA closely matching microbial DNA. In addition, retroviruses, retrotransposons may integrate their DNA and fragile sites may further destabilize the area. These events interfere with reductive cell division, topological relationships among chromosomes, epigenetic regulation and high-fidelity break repair. Interference from microorganisms may favor the illegitimate combinations due to palindromes reported by Mishra and co-workers 2. Hundreds of DNA breaks occur during meiosis. Initiation sites for recombination are enriched in histone methylation and acetylation marks. Incorrect repair of recombination breaks is known to occur 1 , causing chromosome anomalies such as deletions (shown). Massive changes in distributions of the homologous microbiome occurs to drive and stabilize the rearrangements. Clustered genes responsible for linked functions and epigenetic regulation in neurodevelopment are lost or displaced. Other chromosome segments with microbial homology do not contain identified genes but may be essential control regions, insulators, or essential for chromatin structures. non-neurologic signs of neurodevelopmental disorders.
The arrangement of genes in clusters converging on the same biological process may simplify the regulation and coordination between neurons and other genes during neurodevelopment and neuroplasticity. Genes that are required for related functions, requiring coordinated regulation have been shown to be organized into individual topologically associated domains 55 .
Neurons are intimately connected to chromatin architecture and epigenetic controls 56 . A disadvantage of the clustered arrangement of co-regulated accessory genes is that homology to microbial infections or other causes of chromosome anomalies anywhere in the cluster can then ruin complex coordinated neurological processes.
The results in Table 1 Table 1) show that this effect can occur in neurodevelopmental disorders. Functions that must be synchronized are grouped together on the same chromosome region and can be lost together.
Microbial DNA sequences are unlikely to be contaminants or sequencing artifacts. They are all found connected to human DNA in disease chromosomes; multiple microbial sequences from different laboratories are all homologous to the same Alu sequence. Alu element-containing RNA polymerase II transcripts (AluRNA's) determine nucleolar structure and rRNA synthesis and may regulate nucleolar assembly as the cell cycle progresses and as the cell adapts to external signals 58 . HIV-1 integration occurs with some preference near or within Alu repeats 59 . Alu sequences are largely inactive retrotransposons, but some human-microbial homologies detected may be due to insertions from Alu or other repetitive sequences. Neuronal progenitors may support de novo retrotransposition in response to the environment or maternal factors 60 .
Their variability and rarity make neurologic disorders difficult to study by conventional approaches.
The techniques used here might eventually help predict the lifelong susceptibility to a given infection of an individual. However, a limitation is the inability to unequivocally identify one infection and to distinguish infection by one microorganism from multiple infections.
Conclusions
DNAs in some congenital neurodevelopmental
disorders closely matches multiple infections that extend over long linear stretches of human DNA and often involve repetitive human DNA sequences. The affected sequences are shown to exist as linear clusters of genes closely spaced in two dimensions.
Interference from infection can delete or damage human gene clusters and alter the epig-
enome. This interference accounts for immune, circulatory, and structural deficits that accompany neurologic deficits.
Neurodevelopmental disorders are proposed to begin when parental infections cause insertions or interfere with epigenetic markings and meiosis. Shifts in homologous microorganisms
can be massive and may drive chromosomal rearrangements. 
Congenital neurodevelopmental disorders
